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Available online at www.sciencedirect.comHumans are highly sensitive to another’s gaze direction, and
use this information to support a range of social cognitive
functions. Here we review recent studies that have begun to
delineate a neural system for gaze perception. We focus in
particular on a set of core gaze processes: perceptual coding of
another’s eye gaze direction, which may involve anterior
superior temporal sulcus (STS); gaze-cued attentional
orienting, which may be mediated by lateral parietal regions;
and the experience of joint attention with another individual,
which recruits medial prefrontal cortex. We conclude that
understanding this gaze processing system will require a
combination of multivariate pattern analysis approaches to
characterise the role of individual nodes as well as connectivity-
based methods to study interactions at the systems level.
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Introduction
Perception of another’s gaze plays a central role in social
interaction. Gaze signals a person’s focus of attention,
provides clues to their private thoughts and intended
actions [1], and modifies (or is significantly modified
by) other facial and vocal signals [2,3]. Neuropsycholo-
gical research has shown that a number of brain regions
are involved in different aspects of gaze interpretation.
Here we focus on recent work in human and non-human
primates that sheds new light on a set of core gaze
processes (for comprehensive reviews, see [4,5,6]).
We describe neural representations for progressively
more sophisticated gaze processing beginning with per-
ceptual representations of another’s gaze direction, con-
tinuing with attentional re-orienting in response to gaze
cues, and ending in neural responses that mediate the
experience of joint attention with another. We argue that
there is emerging evidence that each of these processes is
Open access under CC BY-NC-ND license.Current Opinion in Neurobiology 2013, 23:450–455 associated with responses in distinct brain regions in-
cluding anterior and posterior sections of superior
temporal sulcus (STS), lateral parietal cortex, and medial
prefrontal cortex (mPFC). We conclude that there is a
need for studies that characterise the role of each region
across gaze processes as well as connectivity studies that
explore how these regions interact to support gaze pro-
cessing.
Representations of gaze direction in anterior superior
temporal sulcus
Seminal studies by Perrett and co-workers identified cells
in primarily anterior STS (aSTS) that exhibited view-
specific tunings to seen bodies or heads (e.g., up, down,
left, right or direct) [7–9]. Moreover, a subset of these
view selective cells were found to respond to the same
direction conveyed by an actor’s gaze, head, or body,
suggesting that they code another’s direction of social
attention rather than the exact cue that is used to convey
this information [7,9,10]. Although numerous human
neuroimaging studies also identified a role for STS in
gaze processing, the majority of this work has highlighted
the role of posterior STS (pSTS) [5,11]. Consistent with
the macaque research, however, recent studies have
shown that human aSTS features a fine-grained repres-
entation of specific gaze directions [12,13,14].
The first of these studies found that after adapting to a
series of faces with leftward gaze, right aSTS showed a
reduced response to left compared to right gaze [14]. By
contrast, adapting to faces with rightward gaze produced
the opposite pattern, suggesting that aSTS contains sep-
arate neural populations representing left and right gaze
directions. New research has further refined the contri-
bution of human aSTS to gaze perception by exploring
head view-invariant coding of gaze direction with multi-
variate pattern analysis (MVPA) [12]. To address this,
participants viewed physically dissimilar combinations of
multiple head views and gaze directions (Figure 1). The
MVPA revealed a finely graded gaze direction code in right
aSTS that was invariant to head view. By contrast, such
head view invariance was not observed in pSTS. This
accords with earlier work showing that different head views
are associated with distinct responses in pSTS [15–17] and
suggests that gaze responses in human aSTS resemble the
tuning of social attention cells in the macaque [7].
Interestingly, a similar hierarchy has been identified in
the macaque temporal lobe for facial identity, with
increasingly view-invariant tuning of identity-responsive
cells from posterior-to-anterior temporal regions [18].
Thus, the temporal lobe may contain similar progressionswww.sciencedirect.com
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View-invariant representations of gaze direction in human aSTS. In this study, the aSTS response pattern dissimilarities in response to a large set of
head view and gaze combinations (a) could be predicted by differences in the faces’ perceived gaze direction (b), and these effects remained when the
influence of the concurrently varying differences in head view or physical features (based on an analysis of greyscale pixel intensities) were removed by
partial rank correlation (c and d). By contrast, gaze direction effects in pSTS did not survive when the influence of physical image features was
removed, and head view alone elicited near-significant effects in this region (data not shown).
Adapted from [12].
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452 Social and emotional neurosciencetowards view-invariance for both gaze direction [12] and
face identity [18].
Although all studies discussed so far used static photo-
graphs of faces for stimuli, previous macaque studies
found that a subset of aSTS cells respond selectively to
head turns in a particular direction [19,20]. It is of
interest, then, that a study that used MVPA in humans
showed that right aSTS response patterns can be used to
decode whether an actor’s head is turning leftward or
rightward [13]. Furthermore, this direction-sensitive
MVPA effect was stronger for heads than for rotating
ellipsoid control stimuli, which could not be classified
with above-chance accuracy. Although the macaque
cells with direction-specific responses to dynamic
head turns were unresponsive to static images of head
views [20], it is not known whether these human aSTS
effects also depend on motion. In summary, recent
human fMRI studies are in agreement with seminal
macaque single cell recordings in identifying a key role
for aSTS in coding perceived gaze direction across
different cues.
Effects of expectancy and joint attention in posterior
superior temporal sulcus
While human research is just beginning to uncover the
role of aSTS in gaze perception, the role of pSTS has
received more attention. In particular, pSTS responds
preferentially when an actor behaves in a way that is
incongruent rather than congruent with their perceived or
expected intention, whether this incongruence is con-
veyed by a mismatch between the actor’s gaze direction
and a salient target [21] or by an action that is inconsistent
with the emotional evaluation of a gazed-at target
[11,22]. However, such expectancy violations are not a
complete account of how pSTS responds to gaze because
this region is also activated in paradigms without mis-
matches, for instance in comparisons between direct and
averted gaze [6] and in interactive joint attention tasks
[23,24] (we return to such paradigms below). In addition,
other work suggests that pSTS may constitute the initial
stage of a gaze processing hierarchy, perhaps involving
the analysis of head view [12,15–17]. Consistent with
this, single cell recordings have found cells tuned to head
view in macaque pSTS [25]. At present, it is difficult to
see how these different roles for pSTS – expectancy-
based coding of others’ intentions, gaze direction, joint
attention and initial processing of head orientation – can
be reconciled.
Note that pSTS and the adjoining temporoparietal junc-
tion are functionally heterogeneous, with proposed roles in
a variety of functions [26,27]. Initial efforts to test whether
pSTS and temporoparietal junction contains distinct sub-
regions for some of these non-gaze functions are under way
[28,29]. A similar approach would be valuable in gaze
research, where simultaneous manipulation of for instanceCurrent Opinion in Neurobiology 2013, 23:450–455 head view and contextual congruence could test whether
distinct pSTS regions subserve these two functions. In the
absence of such studies, the precise role of pSTS in gaze
processing and its possible functional subdivisions remain
unclear.
Gaze-cued attentional shifts in lateral parietal cortex
If STS codes the direction of another’s gaze, an obvious
question is how this information is conveyed to other
brain regions involved in gaze processing. To address this,
an important study used a retrograde tracing method to
demonstrate that macaque intraparietal cortex receives
direct anatomical projections from the length of upper
bank STS [25]. This finding has gained new relevance in
light of macaque evidence that some cells in the lateral
intraparietal region respond both to executed saccades
towards a particular region of space and to observing
another’s gaze towards the same location (Figure 2)
[30]. By contrast, other cells showed suppressed activity
in response to gaze. The authors suggest that these cells
may act to suppress task-irrelevant behavioural responses
to observed gaze during a period when no response is
required. These findings suggest that lateral parietal
cortex integrates representations for perceived gaze and
attentional orienting.
Whether similar representations exist in human lateral
parietal cortex is unclear. However, consistent with the
direct connectivity between STS and lateral parietal
cortex in macaques [25], gaze direction adaptation in
humans was reported both in aSTS and in the inferior
parietal lobule [14]. Connectivity analyses have also
shown that viewing blocks of faces with changing versus
constant gaze direction produced changes in functional
connectivity between pSTS and intraparietal sulcus
[31].
These gaze effects in lateral parietal regions may reflect
attentional re-orienting in response to gaze cues. Con-
sistent with a general role in re-orienting, inferior parietal
cortex responds similarly when a participant is executing
saccades based on another’s gaze direction or based on
another’s iris colour, whereas pSTS responds preferen-
tially to the gaze following condition [32]. This finding
accords with a number of other studies that conducted
whole-brain analyses to compare attentional cueing by
gaze direction to cueing by non-social stimuli (typically
arrows) [33–35]. These studies generally found largely
overlapping responses to both cues or preferential
responses to non-social cues, suggesting that attentional
re-orienting mechanisms in parietal cortex and elsewhere
operate similarly whether engaged by gaze or non-social
cues [36]. In summary, existing evidence demonstrates
anatomical and functional coupling between STS and
lateral parietal regions and suggests that lateral parietal
regions may have a role in mediating gaze-cued atten-
tional shifts.www.sciencedirect.com
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Figure 2
(a)
(b)
18
12
6
0
-6
-12
-18
50
40
30
20
10
0
100
80
60
40
20
0
30
20
10
0
60
40
20
0
18
12
6
0
-6
-12
-18
-18  -12   -6     0     6    12   18 0     100   200   300   400   500   600   700   800 0     100   200
0     100   200
-100     0
-100     00     100   200   300   400   500   600   700   800-18  -12   -6     0     6    12   18
* *
**
Horizontal Position (º)
Horizontal Position (º) Time (ms)
Time (ms)
cu
e
 o
n
se
t
cu
e
 o
n
se
t
cue toward rf
cue away from rf
target away from rf
target in rf
cue toward rf
cue away from rf
target away from rf
target in rf
Sp
ks
/s
Sp
ks
/s
Sp
ks
/s
Sp
ks
/s
Ve
rti
ca
l P
os
iti
on
 (º
)
Ve
rti
ca
l P
os
iti
on
 (º
)
ta
rg
et
 o
ns
et
sa
cc
a
de
 o
ns
et
ta
rg
et
 o
ns
et
sa
cc
a
de
 o
ns
et
Current Opinion in Neurobiology
Single cell modulation by perceived gaze direction in monkey lateral intraparietal cortex. Left panels show mapped saccadic receptive fields for two
example cells (a and b). Right panels show spike rates when a task-irrelevant gaze cue was presented centrally, outside the receptive field. It can be
seen that the cell in a shows enhanced responses when gaze is directed towards the receptive field centre while the cell in b shows suppressed
responses.
Adapted from [30].The role of medial prefrontal cortex in joint attention
When we follow another’s gaze we do not merely use a
salient cue in the environment to re-orient visual atten-
tion. Rather, we engage in joint attention whereby we
synchronise our attention with that of another. An emer-
ging literature suggests that mPFC is implicated in this
high-level component of gaze processing. The first fMRI
study on this topic reported that mPFC responded more
when the participant was following a dot that was being
tracked by an actor’s gaze compared to when the actor’s
gaze did not track the dot [37], suggesting that mPFC was
preferentially engaged when the actor’s gaze signalled
joint attention to the dot.
More recent joint attention studies have used naturalistic
paradigms where participants are engaged in real inter-
action with another individual [23,24], or are made to
believe that this is the case [38]. This research has
confirmed that mPFC responds preferentially to joint
compared to non-joint attention [23,24,38] and has
begun to address more granular components of joint
attention by testing whether distinct brain regions
are implicated in initiating versus responding to jointwww.sciencedirect.com attention. For example, Schilbach et al. reported that
mPFC responds preferentially when the participant is
responding to rather than initiating joint attention, while
ventral striatum showed the opposite preference for
initiating over responding [38]. In subsequent work,
Redcay et al. found that a similar mPFC region prefers
following compared to initiating joint attention [24].
However, contrary to Schilbach and colleagues they
reported activation in dorsal mPFC and not in ventral
striatum for initiating versus responding to joint atten-
tion. Thus, there is reasonably consistent evidence that
mPFC is preferentially involved in the experience of
joint compared to non-joint or self-initiated attention
(but see [32]), although the neural correlates of initiating
joint attention remain unclear. However, mPFC is also
engaged by comparisons between direct and averted gaze
in the absence of overt joint attention manipulations
[6,39], which indicates that the role of mPFC in gaze
processing extends beyond joint attention.
Conclusions
Sophisticated social cognitive processes are at work when-
ever we use a small displacement of the iris relative to theCurrent Opinion in Neurobiology 2013, 23:450–455
454 Social and emotional neurosciencesurrounding sclera to interpret another’s focus of atten-
tion. Accordingly, recent work has demonstrated that gaze
processing involves a large network of brain regions
encompassing anterior and posterior sections of STS,
lateral parietal cortex and mPFC. These regions have
all been reported to distinguish different gaze directions
[6], which implies that the functional roles in this net-
work are not mutually exclusive. Nevertheless, based on
the studies reviewed here we propose the following
coarse organisation: aSTS may be involved in perceptual
processing of gaze because it distinguishes different
averted gaze directions in a head view-invariant manner
[12]; lateral parietal cortex may contribute to gaze-cued
attentional orienting because in both human and maca-
que this region shows a functional overlap between gaze-
cued and non-gaze cued attentional shifts [30,32];
finally, mPFC may be particularly engaged when gaze
following is used to establish joint attention [38].
This functional delineation of the gaze processing system
is tentative at present, partly because there is a shortage of
studies that include separate analyses of more than one of
these functions – perception of gaze direction, attentional
cueing, and joint attention – in a single paradigm. In the
absence of such results it is difficult to assign clear roles to
heterogeneous regions such as pSTS. More success in
characterising the nodes in this system may be expected
with methods such as high-resolution fMRI and MVPA,
which afford the necessary sensitivity to detect fine-
grained organisation and representational overlap. How-
ever, functional organisation in the gaze processing system
may also occur at the systems level with networks of
regions co-activating to support particular processes (for
a related proposal for pSTS function, see [26]). Thus, new
insights into how interactions in this network mediate
human gaze processing skills may be obtained through
time-resolved methods such as electrocorticography and
magnetoencephalography coupled with connectivity-
based methods such as dynamic causal modelling. We
expect recent advances in this field to continue as we
begin to characterise the functional properties of each node
and its interactions with the wider gaze processing system.
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